Nano-Ce-doped Y 3 Al 5 O 12 (YAG:Ce) powders were synthesized by using a sol-gel low temperature combustion method, followed by thermal annealing. The annealing temperature for enriching nanoparticles was optimized and found to be 1000 ∘ C. The process for enriching uniform nanoparticles of YAG:Ce powder was carried out by using the nanosteam technique (NST). The nanoparticles obtained from this NST treatment had a size in the range of 9-20 nm. Measurements of the photoluminescence spectra of the dispersed YAG:Ce nanoparticles solutions showed a blue shift in the photoemission with a value of ca. 10 nm in the green region. WLEDs made from the blue LED chip coated with the nano-YAG:Ce + MEH-PPV composite epoxy exhibit white light with a broad band luminescent spectrum and a high color rending index (CRI). The photoluminescence spectra of the YAG:Ce nanoparticles showed a potential application of the prepared nanostructured YAG:Ce phosphor not only in energy-efficient solid-state lighting, but also in optoelectronic devices, including organic composite solar cells. In addition, it is suggested that NST can be applied for the enrichment of uniform inorganic nanoparticles.
Introduction
Research and applications of solid-state lighting (SSL) have grown exponentially in the world since the discovery of InGaN fabrication process by Nakamura et al. [1] . The rapid development of white light-emitting diodes (WLED) over the last few years has opened new opportunities in the general illumination market [2, 3] . Moreover, the SSL consumes less electricity and does not cause much pollution, the development of the SSL devices can be seen as a valuable contribution in the maintenance of environment. The efficiency of commercialized WLEDs is now around 80 lm/W, which is comparable with that of fluorescent lamps. There are several approaches to fabricate white LED, for instance, by using a blue or UV LED to excite some phosphors to give white light [4] . The ability to obtain different color correlated temperature (CCT) and high color rendering index (CRI) of WLED gives new features to this kind of light sources.
It is known that Y 3 Al 5 O 12 -(YAG-) based materials are commonly used as a host material in various solid-state lasers. Rare earth elements such as neodymium and erbium can be doped into YAG as active laser ions, yielding YAG:Nd and YAG:Er lasers, respectively. Recently, YAGs have also been developed for energy-efficient SSL [5] . For this, Ce is doped in YAG (YAG:Ce) and this material is used to cover the InGaN-LED chips to get white light from WLED. Under blue light excitation of the LED chips, YAG:Ce phosphor emits a broad spectrum from 500 to 650 nm, due to the 5d-4f transition of Ce 3+ ion [6] . This is the reason why YAG:Ce phosphor has extensive application in WLEDs.
There are many methods used for the preparation of the YAG powder with a high crystallinity, a large luminous power, and a small particle size, such as methods using solid-state reaction [7] [8] [9] [10] , coprecipitation, [11] [12] [13] and sol-gel process [14] . As Yan et al. reported in [15] , YAG:Ce with nanoparticles may be prepared by a sol-gel low temperature combustion 2 Journal of Nanomaterials method (shortly called LTC). Recently, we have also synthesized YAG:Ce by this method. However, the LTC-synthesized YAG:Ce powder product usually contained particles with a size ranging from a few to hundreds of nanometers. With the aim of preparing a solution of nano-YAG:Ce particles one can use a traditional technique, the so-called "water dispersion technique" (WDT) using either ultrasonic or magnetic stirring. This method is simple; however, it will be seen in Section 3 that the WDT-dispersion solution exhibits an incomplete separation of nanoparticles from the larger size particles.
The size and shape of powders influence the flow and compaction properties. Larger, more spherical particles will typically flow more easily than smaller or high aspect ratio particles. Smaller particles dissolve more quickly and lead to higher suspension viscosities than larger ones. In order to measure the particles size with the LB550 machine, it is necessary to dissolve the YAG:Ce powder in a solution. However, when the YAG:Ce powder is dispersed in a solution, particles usually cluster in aggregates. This results in a large error in the determined size of the particles. The size measured by LBP550 is much larger than the real particle size. That is true because when the YAG:Ce powder is dispersed in solution or air, the nanoparticles will coalesce due the effect of nanoparticle interactions. The coalescence of nanoparticles leads to reducing potential of particles, as reported elsewhere [16] .
With the aim of producing nano-YAG:Ce phosphor powder, a dispersion solution with uniform nanoparticles of the YAG:Ce was prepared by using a nanosteam technique (NST). In this work, we present the results on the process of the nanoparticles enrichment from the LTC-prepared YAG:Ce powder and characterization of the size distribution of nanoparticles by using a dynamic light scattering particle size analyzer combined with the NST treatment. Finally, the nano-YAG:Ce powder was used with a conjugate polymer Poly[2-methoxy-5-(2 -ethyl-hexyloxy)-1,4phenylene vinylene] (MEH-PPV) to prepare the nanocomposite coating for WLEDs as solid-state lighting (SSL).
The crystalline structure, surface morphology, and photoluminescent properties of YAG:Ce powders and emission spectra of the WLEDs were also studied.
Experimental

Preparation of the YAG:Ce Phosphor
Powder. Nanocrystalline YAG and YAG:Ce (with a Ce concentration of 2 wt%) powders were prepared by the LTC method, following the process as reported elsewhere [15, 17] . High purity chemicals were used:
The YAG:Ce powder with a composition corresponding to the chemical stoichiometry formula of Y 3 Al 5 O 12 :Ce was synthesized from the above mentioned precursor materials. Y 2 O 3 was dissolved in a hot nitric acid in a three-neck flask and prepared solution. The solution was agitated for 2 hours at temperature of 60 ∘ C-65 ∘ C in nitrogen gas. Then the solution was added with aluminum nitrate and cerium nitrate to get the bright yellow solution. In the next step, citric acid (C 6 H 8 O 7 ⋅H 2 O) was added in the bright yellow solution. Citric acid was dissolved in this solution by half the mole of the total metal ions. The pH value of the solution was modulated to 8, and a gel was obtained in 60 min by immersing the solution in a water bath at 80 ∘ C. Then the gels were dried to obtain canary xerogel. The xerogel was put into a muffle stove and a combustion reaction occurred at 245 ∘ C for 20 min, and the spumous powder was obtained. The calcination was conducted at 700 ∘ C with a heating rate of 2 ∘ C/min and kept for 300 min; then, the temperature was increased to different holding temperatures (800, 1000, and 1200 ∘ C) at a rate of 10 ∘ C/min for a fixed holding time of 120 min in nitrogen gas.
Set-Up of the Nanosteam Technique System.
In order to enrich YAG-Ce nanoparticles in a water solution as well as to improve the precision of the measurement of the particle size on the LB-550 machine, we set up a system using the NST method as shown in the following diagram ( Figure 1 ).
The YAG:Ce powder was put in air column pots at the bottom. Clean air is blown in the air column pot, making the YAG:Ce nanopowder separated from the powder form in steam. The steam will move in to water pots by pump. After a certain period, the solution taken from the water pot (3) was used for the particle size distribution measurements on the LB550 machine. In this system, both the height of air column pots and the pumping pressure play an important role; they affect the particles' separation of the powder that is obtained in the solution pot (3). From our experiments, the optimum parameters of the air column height and the pressure for the NST process were found to be of 30 cm and 250 mbar, respectively. Nanopowder of YAG:Ce was then collected from the column and reannealed at 450 ∘ C for 2 h. This powder was further used for characterization and preparation of nanocomposites that were coated onto a blue LED chip to get the solid-state lighting lamp.
To compare the NST with the WDT method regarding particles dispersion, we also dispersed 5 g of the YAG:Ce powders in a 100 mL capacity glass with 80 mL of distilled water by using both the ultrasonic and magnetic stirring. The time for each stirring lasted for over 10 h. The dispersion solution was left to be immovable for 5 hours; then, 30 mL from the top of the dispersion solution level was taken for further measurements.
We used dynamic light scattering technique for the determination of the particle size of YAG:Ce powder. The DLS is based on the Brownian motion of particles and the Doppler effect [18] ; it can be applied to determine the particle size distribution over a range from 1 nm to 6 m. A sample particle (or droplet), exposed to laser light, diffuses light with a changed frequency. This frequency change compared to the original light varies directly with the velocity of moving particles. By analyzing the frequency change, one can obtain the distribution of the particle size of samples. A "HORIBA-LB550" instrument offers the possibility to control these parameters in real time. The viscosity issue becomes even more critical as the analyzed sample concentration is increased.
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Preparation of WLED for Solid-State Lighting.
To prepare nanocomposite, the YAG:Ce nanopowder was mixed with the MEH-PPV according to a volume ratio of 10 : 1. For this, the pure MEH-PPV solution was prepared by dissolving the MEH-PPV powder in toluene solvent with a ratio of 1 mg of MEH-PPV powder in 2 mL toluene. The nano-YAG:Ce powder in the MEH-PPV solution was mixed in a liquid transparent epoxy. The obtained composite epoxy was then coated onto the blue LED chip, followed by annealing at 150 ∘ C to get WLED, as shown in Figure 2 . For the investigation of spectroscopic properties, some samples were made by coating YAG:Ce + MEH-PPV solution onto glass or quartz substrates.
Characterization
Techniques. X-ray diffraction (XRD) was used for analyzing the crystalline phases in the samples. The XRD patterns were obtained from a Bruker X-ray diffractometer "D8 Advance. " The morphology characterization of the samples was carried out on a Hitachi scanning electron microscope "S4800-NIHE" (FE-SEM). The distribution of the size of YAG:Ce particles was analyzed by using a HORIBA dynamic light scattering particle size analyzer "LB-550. " The absorption and photoluminescent spectra of the composite films were recorded on JASCO "UV/VIS/NIR spectrophotometer V-570" and a HORIBA high resolution FLuoroMax-4 spectrofluorometer "Microspec-235b, " respectively. The electroluminescence characterizations were measured by using an integrating sphere equipped with a calibrated spectrophotometer-"LCS 100" (LED measurement System). The blue InGaN-LED chip used in this research is the high power 1 W LED chip with the emission peak at 455 nm (with the die size around 1100 m × 1100 m, as can be seen elsewhere [12] ). The green YAG:ce phosphor and MEH-PPV polymer hybrid composite were dropped onto the surface area between the top of the LED chip to convert a part of blue light into green and red lights. 
Results and Discussion
Crystalline Structures and Photoluminescent Property.
The XRD patterns of a typical YAG:Ce prepared by the LTC method are shown in Figure 3 . All the peaks revealed in the patterns are consistent with the characteristic peaks of the bulk YAG crystal (pdf card no. 12005-21-9). In the insertion, a part of the XRD patterns (viz., the peaks of the (420), (422), and (540) diffraction crystalline planes) for the nanopowder collected from the water pot is shown. The XRD patterns indicate a well-crystallized YAG sample. The Ce-doping did not affect the crystalline structure, showing the substitution doping of Ce atoms in the YAG lattice. The CeO 2 phase did not appear in the XRD patterns. For as-prepared YAG:Ce samples, the fact that all the XRD peaks are strong and sharp proves that the majority of the sample volume contains macrocrystallites.
After the NST treatment, the collected powder from the YAG volume exhibits nanostructured characteristics. This is confirmed by the fact that the XRD peak width became much larger. To determine the particle size ( ), we used Scherrer's formula [19] :
where is the X-ray wavelength used, is the full width at half maximum in radians, and is the Bragg angle of the considered diffraction peak. The average value of the particles calculated from XRD peaks was found to be 20 nm. Emission intensity is one of the key parameters for the application of the YAG:Ce powder. Figure 3 shows a typical PL spectrum of the YAG:Ce powder prepared by the LTC method at an annealing temperature of 1200 ∘ C and a Ce concentration of 2 wt%. The PL curve in Figure 4 shows the characteristic 4f → 5d transitions of Ce 3+ in YAG:Ce crystals under excitation in the blue region around 442 nm. The PL spectrum of the YAG:Ce powder exhibits a broad maximum in the green region centered at 520 nm. This is one of the desired properties of the YAG phosphor that can be used for energy-efficient solid-state lighting. Figure 5 shows the FE-SEM images of YAG:Ce powder annealed at low temperature (700 ∘ C), middle temperature (1000 ∘ C), and high temperature (1200 ∘ C). From this figure one can see that the particle size of the YAG:Ce powder increased with the annealing temperature. Moreover, it is clearly seen that, for the sample annealed at 1000 ∘ C, there are many smaller particles which are attached to the surface of a number of large particles ( Figure 5(b) ). This phenomenon was observed also for the sample annealed at low temperature ( Figure 5(a) ) but not observed for the high annealing temperature sample ( Figure 5(c) ). Indeed, the size of such small particles can be evaluated on the FE-SEM micrographs, and it is from approximately 10 nm to 20 nm. With the calcination temperature increased to 1200 ∘ C, the grain size grew to a few micrometers (1-3 m).
Nanosize Properties of YAG:Ce.
The DLS measurement results for the particle size distribution from the WDT-dispersed solution are shown in Figure 6 (a). The particle distribution shown in this figure indicates that, for the sample annealed at 700 ∘ C, particles have a size ranging from 0.2 to 3.3 m; among them, a large number of particles are 0.5 m and 3.2 m in size (see two peaks in "1" of Figure 6(a) ). For the samples annealed at 1000 ∘ C and 1200 ∘ C, larger particles are observed and their size is in the range from 0.6 to 3.3 m and 1.0 to 3.3 m, respectively (see "2" and "3" in Figure 6(a) ). This indicates that for, the YAG:Ce synthesis, the annealing temperature strongly affected the growth of the particle size. The particle size of YAG:Ce annealed at 1200 ∘ C is much larger in comparison with samples annealed at 700 and 1000 ∘ C. The smallest particle size is about 1 m. These particle size distribution pictures do not reflect what was observed in the SEM micrographs: from the particle size distribution curves no nanoparticles were observed. This means that by the WDT Journal of Nanomaterials method it is impossible to completely disperse (or separate) the nanoparticles from the large particles.
The measurement results of the particle size distribution from the NST dispersed solution are plotted in Figure 6 (b). From this figure, one can see that almost all particles in the solution obtained from the sample annealed at 700 ∘ C are nanocrystalline. Their size varies from 4 to 17 nm. Whereas for the sample annealed at 1000 ∘ C, the dispersed particles have a size ranging from 8.7 nm to 20 nm, and for the sample annealed at 1200 ∘ C, there are no observed nanoparticles in the NST dispersion solution.
From the results obtained on the YAG:Ce powder dispersion, one can note that the YAG:Ce nanoparticles formed during the LTC synthesis were completely dispersed due to the NST method, whereas by the WDT method only a small part of the nanoparticles can be separated from the microclusters. This is in agreement with what was observed in the SEM micrographs.
The photoluminescence of the solution containing the YAG-Ce nanoparticles was also investigated. Indeed, the nanoparticle effect on the PL was observed when the dispersion solution was used as a target for photoluminescence measurements. In Figure 7 , two PL curves are shown corresponding to two solutions with the NST treatment durations of 30 min and 60 min, respectively. The powder used for the NST treatment was taken from a YAG:Ce sample annealed at 1000 ∘ C. The excitation wavelength used for the PL measurements was 442 nm. Compared with the PL of the YAG:Ce powder (see Figure 4 ), the PL curves of nano-YAG:Ce particles solution have a similar shape. The spectra are also broad, expanding from 470 nm to 750 nm. The fact that the PL intensity increased with the increase of the treatment time proved that the dispersion solution became much enriched with YAG:Ce nanoparticles. The peak of both the two PL spectra was found to be of ca. 510 nm. This value is slightly (10 nm) smaller than the PL peak wavelength value (520 nm) of the PL spectra for the YAG:Ce powder (see Figure 4 ). This blue shift can be explained by the nanosize effect in the PL emission for the semiconducting nanoparticles and/or quantum dots [20, 21] . Intensity (a.u.)
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Spectra of WLED.
The absorption and photoluminescence spectra of MEH-PPV film were plotted in Figure 8 . From this figure one can see that the MEH-PPV film has an absorption peak at 480 nm and two emission peaks at 570 nm and 640 nm. This is consistent with the reporting results on MEH-PPV films deposited by spin coating for preparation of OLED [22] . Thus, a blue LED chip can be used for exciting luminescence of the MEH-PPV. In Figure 9 , the electroluminescence spectra of a blue LED, photoluminescence spectra of YAG:Ce, and MEH-PPV polymer are presented. From this figure one can expect that the light emitted from three components as the blue LED chip, YAG:Ce green phosphor, and MEH-PPV yellow polymer could exhibit the white light with a broad band luminescent spectrum and a high color rending index (CRI). Especially, with the use of YAG:Ce + MEH-PPV hybrid composite, the spectral region is enhanced around the wavelength of 521 nm. This is due to the contribution of the emission of the nano-YAG:Ce phosphor. The increase of the intensity of the 521 nm peak enables the CRI increase. In addition, similar to the other quantum dots like CdSe, ZnSe, and so forth, the nano YAG:Ce particles possessing such a strong PL property can be used for biomarkers, pigments in printing, and organic and inorganic hybrid solar cells.
Conclusion
The nano-YAG:Ce powder was prepared by a sol-gel low temperature combustion method, followed by thermal annealing. The optimal annealing temperature of the sample used for enriching nanoparticles solution by using the NST method was found to be of 1000 ∘ C. By NST treatments, uniform YAG:Ce nanoparticles of 9-20 nm have been collected and mixed with MEH-PPV conjugated polymer to get nanocomposites. WLEDs made from the blue LED chip coated with the nano-YAG:Ce + MEH-PPV composite epoxy exhibit white light with a broad band luminescent spectrum and a high color rending index (CRI).
The photoluminescence spectra of the YAG:Ce nanoparticles showed a potential application of the prepared nanostructured YAG:Ce phosphor not only in energy-efficient solid-state lighting, but also in optoelectronic devices, including organic composite solar cells.
